The rotational temperature behaviour in adiabatic jet expansion of molecular nitrogen is investigated over a wide range of stagnation density and nozzle diameter values using coherent anti-Stokes Raman spectroscopy (CARS). Estimates of rotational collisional numbers are made for both (N2 + N2) and (N2 + Ar) systems. The aspect of cluster formation for both systems is also discussed.
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Supersonic free-expansion jets can be effectively used for solving a number of problems connected with lowtemperature and low-pressure spectroscopy, translational, rotational, and vibrational relaxation processes, cluster structure and condensation dynamics [1] [2] [3] [4] [5] . Detailed information (on the molecular level) about the processes in the flow can be obtained by several spectroscopic techniques, such as electron-beam diagnostics, laser-induced fluorescence, infrared absorption, and Raman scattering [6] [7] [8] [9] [10] [11] . During recent years a number of coherent nonlinear scattering techniques for diagnostics of Raman-active transitions have been successfully used for temperature and density measurements [12] [13] [14] [15] [16] [17] , and for investigation of condensation processes in supersonic jets [18] [19] [20] .
In this paper we report the results of an investigation of rotational temperature behaviour in adiabatic jet expansion of molecular nitrogen over a wide range of stagnation density and nozzle diameter values using coherent anti-Stokes Raman spectroscopy (CARS). Estimates of rotational collisional numbers are made for both (N2 + N2) and (N2 + Ar) systems. The aspect of cluster formation for both systems is also discussed.
Experimental
The experimental details, advantages and disadvantages of the CARS technique for many applications can be found in [13] , so here we discuss only the most important features of the installation.
The pulsed CARS spectrometer incorporates a single-frequency Nd:YAG laser with two amplifiers delivering 30 mJ at 1064 nm with 0.005 cm-1 frequency bandwidth (FWHM) and 10 Hz repetition rate. Its output is frequency doubled and the 532 nm beam (20% of the total energy), separated by a polarization filter, is used to pump a tunable dye laser. The remaining 1064nm beam is frequency-doubled to produce the pump beam for the CARS process. The dye laser is operated with Phenalemin-160 and provides the Stokes beam within a continuous tuning region of 600cm-1 centered at 607 nm. Typical laser pulse energies are 7 mJ in the pump beam and 0.1 mJ in the Stokes beam. The spectral resolution of the spectrometer is limited by the dye laser bandwidth and is equal to 0.05 cm-1.
Two nozzle types are employed to obtain the freeexpansion jet: continuously operating thin-walled pinhole orifices with diameters d = 37 gm or d = 95 gm, and a pulsed valve of 510gm diameter with a sonic nozzle producing gas pulses of approximately 1 ms duration. The nozzle assembly is mounted on a three-dimensional translation stage and can be positioned relative to the fixed laser beams.
The stagnation number density was in the range n o = 2.41 x 1025-1.45 x 1026 m-3 (corresponding to stagnation pressures of approximately 1-6 bar), and the background pressure changed accordingly from 35 to 100 Pa.
Both pure nitrogen and a nitrogen-argon mixture with pressure ratio 1 : 10 were in the experiments.
The three-dimensional BOXCARS [-21 ] interaction of laser beams is used to increase the spatial resolution of the spectrometer and to eliminate the contribution to the signal of the atmospheric nitrogen. 
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Fig. la---e.Typical CARS spectra of nitrogen: a Q-branch, supersonic jet, rotational temperature Tr = 35 K; b S-branch, same conditions; e Q-branch, static conditions, T= 300 K, P = 60 Torr 193 532nm is split into two beams with equal intensity, which are parallel to and spatially separated from the Stokes beam. The three beams are focused with a 80 mm focal length lens into the expansion jet at relative angles of about 7 ° . The measured spatial resolution of the spectrometer is 30 x 30 x 400 ~tm. The CARS signal, after separation from the pump beams by a fourprism filter, is detected by a photomultiplier, averaged With a boxcar integrator, and then plotted on a chart recorder.
Results and Discussion
Resolved CARS spectra of the Q-branch (Av= I, A J=0) transition in the electronic ground state of nitrogen were recorded on the axis of the supersonic jet at different normalized distances x/d from the nozzle orifice. At small distances S-branch (Av= 1, A J=2) CARS spectra were also recorded. Examples of nitrogen CARS spectra for Qand S-branch spectra in a supersonic jet indicating a rotational temperature T~= 35 K are presented in Fig. la and b, respectively. Figure lc shows for comparison the CARS Q-branch spectra of nitrogen recorded under static room-temperature conditions. Information about the rotational distribution functions (RDFs) was in most cases derived from the peak intensities of the CARS spectra. The extracted distribution functions turned out to be nearly Boltzmann and allowed one to determine the local values of the rotational temperature along the flow axis. At large distances from the nozzle orifice the recorded spectra contained only the partially resolved lines with rotational quantum numbers J = 0, J = 1, and J=2. In these cases the rotational temperature was determined from fitting the theoretically calculated CARS spectra to the experimental data.
The main features of kinetic processes in the flow depend on the value of the local Knudsen number K, [5] :
where ? = Cp/Cv is the ratio of specific heats and C is a gasdependent constant. If the stagnation temperature To is kept constant, changing the nozzle diameter d (leading to a change of the time scale of gas expansion) or the stagnation density no (and thus the frequency of molecular collisions) can significantly affect the dynamics of the internal degrees of freedom of molecules in the flow. Examples of the dependence of the measured rotational temperature on the normalized distance x/d in the flow for different values of the parameter nod are presented in Fig. 2 both for the N2 + Ar mixture (a, b, c) and for pure nitrogen (d, e, f). Good agreement between the measured rotational temperatures and the theoretically calculated isentropic temperatures [-22 ] is observed in the N2 + Ar mixture for nod= 1.17 x 1022 m =2 up to x/d~5 (Fig. 2b) . In this case the rotational and translational degrees of freedom are in equilibrium, and direct determination of gas temperature from the rotational distribution functions is possible. Similarly, equilibrium flow in pure nitrogen takes place for nod=2.5 x 1022 m -2 (Fig. 2e) . At lower densities (and hence lower collision numbers) or smaller nozzle diameters (faster speeds of gas parameter changes in the flow) the behaviour of rotational temperatures is governed by the processes of rotational relaxation. In this nod range we observe a flow type with non-equilibrium between rotational and translational degrees of freedom. A slow deviation of the measured rotational temperature values from the calculated isentropic translational temperature takes place, starting from x/d= 1.8 for N2 + Ar (Fig. 2a ) and x/d = 5 for pure N 2 (Fig. 2d) . Since in our experiments we have not observed deviations of the distribution functions from Boltzmann type (within the available range of rotational states accessible in our CARS experiments), estimation of the rate constants for level-to-level rotational transitions was not possible. Still, our measurements of rotational temperature behaviour allow us to estimate the effective rotational collision number from the equation for energy balance I-3]:
dt "crt where-eft is the rotational relaxation time, zt the mean time between collisions, fit=O-o(1 + C/Tt) a gas-kinetic crosssection, m the reduced mass, k the Boltzmann constant, Tt the gas temperature, T r the rotational temperature, and n the number density. The gas-kinetic cross-section con- [25] stants were taken as ao=30.32x10-15cm -2 and C--122K for N2+Ar , ao=32.56x10-16cm -2 and C= 105 K for N2 +N2 [23] . The effective collision numbers Zr, presented in Fig. 3 , were estimated by inserting in (2) the experimental values of T~ (displayed in Fig. 2a and d) together with the calculated isentropic values of temperature and number density. In the case of the N 2 + Ar mixture we have used the isentropic calculations for pure Ar (7 = 1.67), but our estimates show that the difference in number density between the flows of pure Ar and 10% N2 in Ar is about 5% for our values ofx/d, and the resulting error of Zr should be even smaller due to the specific combination of n, T, and gas velocity u in the final formula. The Zr values for the N 2 +Ar mixture were found to be about 2-3 times higher than the corresponding Z, values for pure nitrogen, which agrees with the results of other authors. (For a comprehensive review see [233.)
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At higher nod values, effects due to aggregation and cluster formation prevail. In the case of the N 2 +Ar mixture we observe for values of nod>2 x 1022 m -2 a sharp deviation from the isentrope at x/d,,~ 3.5, and the deviation increases significantly with density increase (Fig. 2c) . It should be mentioned that these x/d values are far from the Mach disc position [1], and consequently this deviation cannot be explained by the influence of a corresponding shock wave. The phase equilibrium curves for nitrogen and argon (Fig. 4) support the assumption that the reason for this temperature increase is the presence of condensation processes, which lead to the release of condensation energy. For the N 2 H-Ar mixture the process of condensation of argon atoms is dominant in the flow, so there are no deviations of the distribution functions from Boltzmann type.
In the case of pure nitrogen there is also a deviation from the isentropic temperature for nod>3 x 1022 m -2 starting at x/d,,~ 10 ( Fig. 20 . In this case, however, we have observed a significant decrease in intensity for CARS spectral lines corresponding to the rotational levels J = 0 and J= 1. To check this phenomenon further we have used a conical supersonic nozzle with throat diameter 350 gm and cone angle 31 °, which is approximately equivalent to a sonic nozzle with a diameter of 1.077 mm [5] . This allowed us to increase the gas density in the flow and to record additionally the S-branch CARS spectra of nitrogen. In both Q-and S-branch spectra we have observed a decrease in intensity and an anomalous broadening of the lines corresponding to rotational levels J--0 and J = 1. The distribution functions extracted from the peak CARS intensities show the underpopulation of these states (Fig. 5) . These results allow the assumption that at the primary stage of condensation clusters are formed from those molecules occupying the lowest rotational states for different spin modifications. A similar effect was observed earlier for the condensing flow of heavy water molecules [24] . However, we must mention that the anomalously strong broadening of the CARS spectral lines corresponding to J = 0 and J = 1 levels can lead to a decrease of the peak intensities of the CARS signal and thus to a decrease of the extracted populations of these levels. Final conclusions on this phenomena can only be drawn after additional high-resolution investigations of collisionally broadened CARS spectra at low temperatures. 
Conclusions
Our results demonstrate that coherent anti-Stokes Raman spectroscopy is an effective and universal tool for local non-perturbing diagnostics of gas parameters in supersonic jets. It allows quantitative information to be obtained about the distribution of energy between the internal degrees of freedom as well as about the characteristic times of relaxation processes in the flow. In addition, the CARS technique is particularly useful for studies of A. A. Ilyukhin et al.
cluster formation, since, provided that the energy of the pump beams is kept sufficiently low, CARS probing has no effect on the condensation processes.
